• Co-pyrolysis characteristics of a Chinese coal and poplar sawdust were studied • Gas product yields of co-pyrolysis shows notable increase than that of separate pyrolysis • The synergistic effect is contributed mainly by the ash in the poplar sawdust Abstract Co-processing of biomass and coal is perceived as a way to enhance the energy utilization by virtue of the integrated and interactive effects between different types of carbonaceous fuels. The purpose of this study was to investigate the co-pyrolysis characteristics of Yining coal and poplar sawdust, and to determine whether there is any synergistic effect in pyrolytic product yields. The coal was blended with sawdust at mass ratios of 9:1, 7:3, 5:5, 3:7 and 1:9. The change of char yields, maximum weight loss rate and the corresponding temperature of different coal/sawdust blends during pyrolysis were compared by thermogravimetric analysis (TG). The total tar yields during pyrolysis of separate coal and sawdust, as well as their blends, were acquired from the low temperature aluminum retort distillation test. From the comparison of experimental and theoretical values of the char yields from TG and tar yields from carbonization test, it was observed that co-pyrolysis of coal/sawdust blends produced less char and tar than the total amount produced by separate coal and sawdust pyrolysis. The different product distribution suggested that there was synergy effect in gas product yields. The co-pyrolysis of demineralized and devolatilized sawdust with coal indicated that the ash in the sawdust was the main contributor to the synergistic effect.
To face the severe situation of fossil fuel supply shortage and environmental pollution, biomass energy has become a global interest and seen wide application in partly replacing coal in gasification process. As a renewable energy source, rational utilization of biomass can effectively solve the problem of energy shortage [1] [2] [3] [4] [5] . Co-pyrolysis, as the preliminary process of co-gasification, plays a crucial role in determining gas product distributions and char structure, which is of vital importance to gasification reactivity. Therefore, it is necessary to understand the interactions between coal and biomass, the change in pyrolysis characteristic and possible synergistic effects of coal-biomass blending [6] [7] [8] [9] [10] .
Although co-processing has become a widely accepted practice all over the world, the research results published about synergies still do not have agreeable conclusions.
Some research results showed that the synergistic effect is dependent on the extent of contact between fuel particles, and the synergy is more likely to happen when pyrolysis is carried out on a fixed-bed reactor than on a fluidized-bed or drop tube reactor [11, 12] , while other scholars [13] revealed the lack of synergistic effects on pyrolytic products yields as well 2 as gas composition from pyrolysis of coal/sawdust blends under both low heating rate in a fixed-bed reactor and high heating rate in a drop-tube reactor.
Kastanaki et al. also confirmed that the co-pyrolysis of coal/biomass blends did not have substantial interaction in the solid phase [14] . Masnadi et al. performed switch-grass and coal co-pyrolysis in a thermogravimetric analysis and no significant interaction between coal and biomass were observed during co--pyrolysis [4] . On the contrary, some researchers [15--18] found an obvious synergy on the overall weight loss yield and characteristics of pyrolysis products during the co-pyrolysis of coal and other feedstock, including oil residue and biomass. Krerkkaiwan et al.
researched co-pyrolysis of coal and biomass using a drop tube fixed reactor. The results showed that the biomass has a significant influence not only on the magnitude of the synergetic effect during the co-pyrolysis but also on the reactivity of the resultant chars [19] . However, the authors did not consider the interactions between the volatile and coal char, so the results they got has important dependency on the volatile. Previous study shows that the volatile-char interactions can affect almost every aspect of low-rank fuel gasification and pyrolysis [20] . Therefore, the synergies in co-pyrolysis of biomass and coal are still not clear. Further and more detailed researches are needed.
Considering that the type of blending fuels was a major factor that triggers the synergy [21] , a typical Chinese coal and biomass, which have striking difference in volatile content and ash content, were selected as the experimental sample. In this study, the pyrolysis characteristics and the char yields of the coal, sawdust and their mixtures were investigated using TG analyzer, and low temperature aluminum retort distillation test were carried out to compare the tar yields of coal, sawdust and their mixture. The synergy during co-pyrolysis was examined by comparing the theoretical and experimental data. To further understand the conditions that lead to synergy, demineralized sawdust (DASA) and devolatilized sawdust (DVSA) were prepared, and then added to coal to appraisal whether one of them in biomass is the main contributor to the synergy.
EXPERIMENTAL Preparation of raw materials
Chinese bituminous coal from Yining (YN) and poplar sawdust (SA) were used in this study. The YN was drawn and manually crushed using a pestle and a mortar, while the SA was crushed using a grinder.
Crushed samples were sieved and only particles between the sizes of 0.074-0.154 mm were used to run the TG and aluminum retort carbonization test. The specific particle diameter is consistent with those produced in practical milling systems used in pulverization units [22] . In our previous study [23] , the particle size less than 0.125 mm was found to be able to eliminate the effects of mass and heat transfer limitations. The mixture of YN and SA (SA-YN) was made by mechanically blending them together in different proportions, aSA-bYN means that the mass ratio of SA to YN is a:b. The addition of biomass to coal has important influence on the pyrolysis product distribution. In order to comprehensively investigate copyrolysis characteristics, five blending rates ranging from pure coal to pure biomass in 20 wt.% increments were chosen in this study. Moreover, the blending rates are similar to those typically used in industryscale co-firing trails. The ultimate and proximate analyses of the samples were shown in Table 1 . The ultimate analysis of the coal was determined following the Chinese National Standard GB/T 476-2008 for carbon, hydrogen and nitrogen, and GB/T 214-2007 for sulfur [24, 25] . The proximate analysis of the coal was measured following the Chinese National Standard GB/T 212-2008 for moisture (M ad ), ash (A d ) and volatile matter (V daf ) [26] .
It can be seen that the SA had high content of volatile and low content of ash, while YN had a relatively low content of volatile and high content of ash. Preparation of DASA and DVSA First, the pretreatment of raw sawdust in acid was conducted by the ratio of 1 g:20 mL of HCl solution (37 wt.% HCl was diluted in 1:1 proportion), soaking for 24 h at room temperature and stirring continuously using a magnetic stirrer. Then, the HCl--washed sample was blended with hydrofluoric acid (HF) at a ratio of 1 g to 12.5 mL to prepare the demineralized sawdust sample, soaking for 24 h at room temperature and stirring continuously using a magnetic stirrer. Finally, the demineralized sawdust sample was obtained after oven drying to constant weight at 60 °C for 14 h. As to the preparation of DVSA, the sawdust was first pyrolyzed in a high-temperature silicon carbide furnace from room temperature to 800 °C with a heating rate of 10 °C/min in argon atmosphere and had a residence time of 20 min, then the sample was cooled to room temperature in Ar atmosphere, the residual solid was the DVSA.
Pyrolysis experiments in TG
The TG experiments were performed in the thermogravimetric analyzer (NETZSCH STA449F3), the maximum temperature error of the measurement is ±1 °C and the mass precision is 1 μg. Approximately 10 mg initial sample was fed into the Al 2 O 3 plate and heated from room temperature to 1000 °C at a constant heating rate of 10 °C/min under argon atmosphere at a constant flow rate of 50 mL/min. At least 3 repetitions were conducted to ensure the reproducibility of the experiments and accuracy of the data. The maximum mass loss standard deviation was 3%.
Test of low temperature distillation by aluminum retort
To obtain the tar yields of coal, sawdust and their mixture during pyrolysis, tests of low temperature distillation by aluminum retort were performed according to China Standard GB/T 480-2010, "Test of low temperature distillation of coal by aluminum retort" [27] . First, 20 g coal sample was packed in aluminum retort. Then, in the temperature range of 260-510 °C, it was heated with a heating rate of 5 °C/min and it was held at the final temperature for 20 min. After the distillation experiment, the tar, pyrolysis water, char and gas yields were measured. All the experiments were replicated at least three times to make sure that the results were reproducible; the maximum standard deviation in tar yield was 5%.
Data processing methods

Theoretical calculation of co-pyrolysis yields of tar and char
In order to investigate whether interactions existed between the coal and sawdust, the theoretical and experimental value of pyrolysis products were compared. The theoretical value was given by the following equation:
where M SA is the tar or char yield during single sawdust pyrolysis or aluminum retort carbonization test, M YN is the tar or char yield during single coal pyrolysis or aluminum retort carbonization test, M T is the theoretical value of char yield during co-pyrolysis or tar yield during aluminum retort carbonization test, and x is the mass fraction of sawdust in solid feed mixture.
RESULTS AND DISCUSSION
TG analysis of the pyrolysis of coal, sawdust and coal/sawdust blends Figure 1 shows the weight and the derivative weight change profiles for coal and sawdust as a function of temperature. TG/DTG curves of them at a heating rate of 10 °C/min suggest that both the thermal decomposition and mass loss of poplar sawdust and Yining coal have three steps during pyrolysis, but the temperature of the maximum degradation rate (T max ) of each step are rather different.
The first stage of YN pyrolysis occurs between 33 and 250 °C, while sawdust pyrolysis occurs between 33 and 185 °C. A minor mass decay was observed, this is due to the release of H 2 O and some absorbing gases such as CH 4 , CO 2 and N 2 . The greatest fraction of mass loss of sawdust occurs in the second step, in the temperature range of 250-445 °C, which is attributed to the drastic thermal decomposition of SA, the maximum devolatilization rate is 7.22%/min and the T max is 378 °C. The third stage covers a wide temperature range from 445 °C to the final temperature and a slight weight loss was observed, which was associated with the degradation of heavier chemical structures in the SA matrix [28] . Figure 1 shows that the profile trend of YN is similar to that of SA, but different in some pyrolysis characteristic parameters, especially the T max and the maximum mass loss rate. A more detailed analysis of the parameters (see Figure 2) suggests that the T max and the maximum mass loss rates of SA-YN with different ratio, YN and SA varied from each other. The T max for SA-YN was lower than either of the two pure samples and the maximum weight loss rate shifted from 0.96 to 7.22%/min with increasing SA content in the SA-YN, which means the SA-YN has higher pyrolysis reactivity and the addition of SA could promote the overall evolution rate of volatile matters.
Char and tar yields Figure 3 shows the theoretical and experimental value of char yields of five different mixtures with the YN:SA rates spanning from 9:1 to 1:9 in 20 wt.% increments during co-pyrolysis. With increasing SA addition from 10 to 90%, the experimental and predicted char yields all had a remarkable decrease, the former was from 32.58 to 5.73% and the latter was from 45.87 to 8.96%, which was caused by the increase in the absolute amount of high volatile SA (82.49, daf). Moreover, it is obvious that the experimental char yield of any kind YN-SA is always lower than the predicted value, the maximum and minimum differences are 13.28 and 3.23%, respectively, and the addition of SA have inhibiting effect on pyrolysis char yield and promotion effect on gas product formation.
As is known, the gas yield was the summation of un-condensed light gases and condensed volatile matter (coal tar) at room temperature and pressure. Therefore, to have a more detailed analysis of SA addition on tar yields, low temperature aluminum retort distillation tests of YN, SA, and YN-SA were conducted respectively. Figure 4 shows 7YN-3SA and 9YN-1SA as examples for interpretation of the difference of experimental and predicted values of tar yields during distillation test. The tar yield of SA alone pyrolysis is much higher than that of YN pyrolysis, the experimental values of tar during 7YN-3SA and 9YN--1SA distillation are 6.41 and 3.26%, and 0.43 and 1.38% lower than the predicted values, which means that SA has an inhibiting effect on tar yields during copyrolysis, i.e., co-pyrolysis of SA and YN could have synergistic effects on gas product yields.
Synergy analysis
Pyrolysis behavior of SA, DASA and DVSA Considering co-pyrolysis of SA and YN could have synergistic effects on gas product yields, the contribution of ash and volatile in the SA on synergistic effect was investigated. The pyrolysis behavior of DASA and DVSA were analyzed first. Figure 5 shows the comparison of the TG and DTG curves of SA, DASA and DVSA. It suggests that the DVSA did not have an obvious mass loss until the pyrolysis temperature surpassed 750 °C. The final mass decay accounts for 39% of DVSA, far below the final value of SA (92%). It reveals the differences of pyrolysis behavior of SA and DASA, the onset and final volatile evolution temperature of DASA was shifted to the higher and lower temperature, respectively, the volatile release rate of DASA was much higher than that of SA, and the release time of volatile was shortened. It may suggest that the DASA has a larger surface area and more active sites, which could accelerate the releasing of volatile. In addition, the alkali/alkaline earth metals in the SA have important influence on the pyrolysis reactivity, which could make the pyrolysis reaction happen at lower temperature [28, 29] . As shown in Figure 5 , the maximum volatile release rate of DASA was 16%/min, while the max volatile release rate of SA was 7%/min.
Co-pyrolysis behavior of YN, DASA and DVSA Figure 6 gives the comparison of co-pyrolysis behaviors of YN, DASA and DVSA. The whole pyrolysis process could be divided into three stages, the first stage occurred between 26 and 200 °C, a faster H 2 O release rate and larger amount of 3SA-7YN was observed than that of 3DASA-7YN due to that DASA was dried for 24 h after it was prepared. The second stage was in the temperature range of 200-400 °C and the strongest weight loss observed was attributed to the active thermal decomposition of the raw feeds, the maximum mass loss rate of 3DASA-7YN was 2.68%/min higher than that of 3SA-7YN. It may be that the ash in the SA had obvious effects on the synergy. The third stage appeared between 400-1000 °C. As it was also shown in Figure 1 , the temperature range of 400-600 °C was the most drastic mass loss interval of YN, but the DTG curve of 3SA-7YN in this temperature range only had slight difference compared with that of 3DASA-7YN.
Compared to the co-pyrolysis curves of 3SA-7YN and 3DVSA-7YN, it is clear that the pyrolysis behaviors of them are quite different. The DTG profile of 3DVSA-7YN had a remarkable mass loss peak when the pyrolysis temperature was higher than 680 °C, which, however, was not observed in the DTG curve of 3SA-7YN. Table 2 illustrates the experimental and predicted values of the final mass loss fraction of 3SA-7YN, 3DVSA-7YN and 3DASA-7YN at terminal pyrolysis temperature of 1000 °C. Since the experimental values are higher than the respective theoretical ones, it may be concluded that the synergy effect between YN and SA on gas product yields was observed. Compared with 3DVSA-7YN and 3DASA--7YN, it is obvious that the ash in the SA could widen the difference between experimental and theoretical value, suggesting that the ash in the SA was the main contributor to the synergy between SA and YN. The demineralized coal and coal-containing fuel blends along with the demineralized and devolatilized biomass components will be tested in the future. 
CONCLUSIONS
In this research, experiments were conducted by TGA and low temperature aluminum retort distillation to study the changes in pyrolysis characteristic parameters and possible synergistic effects of coalbiomass blending during pyrolysis. The following conclusions can be drawn from the results:
The degradation of poplar sawdust and Yining coal had three stages in pyrolysis temperature ranging from room temperature to 1000 °C and the tem- peratures of the maximum weight loss rate of each stage were rather different. The T max for SA-YN was lower than either of the two pure samples and the maximum weight loss rate shifted from 0.96 to 7.22%/min with the increase of the SA content in the SA-YN. It indicated that the SA-YN had higher pyrolysis reactivity and the addition of SA could promote the overall evolution rate of the volatile matters. The addition of SA had inhibiting effect on char and tar yields during pyrolysis and supportive effect on gas product formation. Co-pyrolysis of SA and YN had synergistic effects on gas product yields.
The volatile matter during SA pyrolysis only had slight influence on synergy, while the ash in the SA was the critical factor that led to the synergistic effects on gas product yields. Procesiranje biomase i uglja predstavlja način za poboljšanje korišćenja energije na osnovu integrisanih i interaktivnih efekata između različitih vrsta ugljeničnih goriva. Cilj ovog istraživanja je analiza pirolitičkih karakteristika uglja iz Jininga (Yining, Kina) i piljevine topole, kao i da se utvrdi postojanje sinergiijskog efekta u prinosima pirolitičkih proizvoda. Ugalj je pomešan sa piljevinom u masenim odnosima 9:1, 7:3, 5:5, 3:7 i 1:9. Promena prinosa čađi, maksimalna brzina gubitka mase i odgovarajuća temperatura različitih mešavina ugalj/piljevina tokom pirolize su upoređeni termogravimetrijskom analizom (TG). Destilacijom u aluminijumskoj retorti na niskoj temperaturi određen isu ukupni prinosi katrana za vreme pirolize uglja, piljevine i njihovih mešavina. Poređenjem eksperimentalnih i teorijskih vrednosti prinosa čađi iz TG analize i prinosa katrana iz ispitivanja karbonizacije uočeno je da ko-piroliza mešavine ugalj/piljevina proizvodi manje čađi i katrana od ukupnih količina proizvedeni u odvojenim procesima pirolize uglja i piljevine. Različita distribucija proizvoda ukazuje na sinergistički efekat u prinosu gasovitih proizvoda. Piroliza demineralizovane i devolatilizovane piljevine sa ugljem pokazuje da pepeo iz piljevine daje najveći doprinos sinergističkom efektu.
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